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TRIMS proteins mediate a potent block to the cross-species transmission of retroviruses, the most well
known being the TRIMS« protein from rhesus macaques, which potently inhibits human immunodeficiency
virus type 1 (HIV-1) infection. This restriction occurs at an early stage in the replication cycle and is mediated
by the binding of TRIMS proteins to determinants present in the retroviral capsid. TRIM5a, as well as other
TRIM family proteins, has been shown to be regulated by interferons (IFN). Here we show that TRIM5«a
associates with another IFN-induced gene, sequestosome-1/p62 (p62). p62 plays a role in several signal
transduction cascades that are important for maintaining the antiviral state of cells. Here we demonstrate that
p62 localizes to both human and rhesus macaque TRIMS« cytoplasmic bodies, and fluorescence resonance
energy transfer (FRET) analysis demonstrates that these proteins closely associate in these structures. When
p62 expression was knocked down via small interfering RNA (siRNA), the number of TRIMS« cytoplasmic
bodies and the level of TRIMS« protein expression were reduced in cell lines stably expressing epitope-tagged
versions of TRIM5a. In accordance with these data, p62 knockdown resulted in reduced TRIM5«a-mediated
retroviral restriction in cells expressing epitope-tagged TRIMS5« or expressing endogenously expressed human
TRIM5«. p62 may therefore operate to enhance TRIMS«a-mediated retroviral restriction, contributing to the

antiviral state of cells following IFN treatment.

The TRIM family of proteins, which are defined by the
presence of a tripartite motif, consisting of RING, B-box 2, and
coiled-coil domains (31), are emerging as components of an
innate antiviral response that operate in several ways to inhibit
viral replication (reviewed in reference 28). TRIMS« is a mem-
ber of the TRIM family of proteins that has evolved to bind
determinants present on retroviral capsids, an interaction that
potently inhibits retroviral replication at an early postentry
stage of infection (reviewed in references 19 and 35). Since the
discovery of TRIMS5a as a retroviral restriction factor, numer-
ous other TRIM family proteins have been shown to possess
antiviral activities that act at several stages of the viral life cycle
(4, 14, 16, 42, 43).

TRIMSa proteins localize to discrete accumulations in the
cytoplasm referred to as cytoplasmic bodies (6, 39, 40). Many
other TRIM family proteins form similar accumulations in the
cytoplasm or nucleus (31). We have previously utilized live-
and fixed-cell microscopy to demonstrate an interaction occur-
ring between fluorescently labeled human immunodeficiency
virus type 1 (HIV-1) virions and rhesus macaque TRIMS«
(rhTRIMSa) cytoplasmic bodies (8). These studies also found
that proteasome inhibitors caused the stable accumulation of
HIV-1 virions in enlarged cytoplasmic bodies that stained pos-
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itively for ubiquitin. These data are in accordance with our
biochemical studies that have shown that proteasome inhibi-
tion relieves the TRIMSa-mediated block of viral reverse tran-
scription (RT) but does not relieve the ability of TRIMSa to
prevent infection (1, 46). It has also been reported that
TRIMSa is rapidly turned over, in a proteasome-sensitive
manner, following the addition of restriction-sensitive virus to
cells (33). Collectively, these findings suggest that restriction
occurs via a two-step mechanism. The first step, which includes
binding of TRIM5a to the viral capsid, is sufficient to prevent
infection. The second step, which is sensitive to proteasome
inhibition, results in the abortive disassembly of the viral capsid
in a manner that prevents the formation of viral reverse tran-
scription products.

It has also recently been demonstrated that TRIMS« (3, 10,
34) and numerous other members of the TRIM family (9) are
transcriptionally upregulated following interferon (IFN) treat-
ment. Therefore, the TRIM family of proteins may collectively
contribute to the cellular antiviral state induced by interferon
treatment.

Sequestosome-1/p62 (p62) is an interferon-inducible protein
(24) that has been implicated in various cellular processes,
including regulation of cellular degradative pathways and mod-
ulation of signaling pathways (reviewed in references 27 and
37). Notably, p62 contains a ubiquitin binding domain (UBA)
through which it binds ubiquitinated cargoes and facilitates
their proteasomal degradation via an interaction of its N ter-
minus with proteasomal subunits (17, 27, 36, 44). p62 also
functions as a scaffolding/adaptor protein in signaling cascades
involved in regulating cytokine production or signaling. p62
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regulates the activity of interferon regulatory factor 8 (IRFS)
(24) and p38 mitogen-activated protein kinase (MAPK) fol-
lowing cytokine stimulation (20, 41). p62 also interacts with
tumor necrosis factor receptor-associated protein 6
(TRAF6) and enhances its activity (24, 45). TRAF6 is an E3
ubiquitin ligase that undergoes enhanced autoubiquitylation
in the presence of p62, which activates the NF-«kB signaling
pathway (11, 24, 45). This p62-mediated clearance of ubiquiti-
nated proteins by the proteasome, as well as the ability to
modulate signaling pathways associated with the innate im-
mune response, prompted us to examine what role p62 may
play in the ability of TRIMSa, itself an E3 ligase capable of
autoubiquitination (47), to restrict retroviral infection.

In this study, we demonstrate that p62 associates with
both rhesus macaque and human forms of TRIMSa. p62
localizes to TRIMS5a cytoplasmic bodies in cells. We further
demonstrate an interaction between these two proteins by
using immunoprecipitation and fluorescence resonance energy
transfer (FRET). As p62 has been reported to bind polyubig-
uitinated proteins and facilitate their proteasomal degradation
(36) and we have previously demonstrated a proteasome-sen-
sitive step in the restriction process (1, 8, 46), we originally
hypothesized that p62 may play a role in the process of restric-
tion. However, small interfering RNA (siRNA) knockdown of
p62 decreased TRIMSa expression in the absence of restric-
tion-sensitive virus. This reduced TRIMSa-mediated restric-
tion in cells exogenously expressing epitope-tagged versions of
TRIMSa as well as in cells expressing endogenous levels of
TRIMSa. Collectively, these results suggest that TRIMS5« is
stabilized by its interaction with p62. As both of these proteins
are IFN inducible, this interaction may act to enhance the
expression of TRIMSa following IFN treatment, thereby en-
hancing the antiviral potential of TRIMS5a.

MATERIALS AND METHODS

Cells and pharmaceuticals. 293T and HeLa cell lines were obtained from the
American Type Culture Collection. Hemagglutinin-tagged rhesus macaque
TRIMS5a (HA-rhTRIMS5a)- and human TRIMS5«a (HA-huTRIM5a)-expressing
HelLa cells were gifts from J. Sodroski (Harvard Medical School, Boston, MA).
Cells expressing yellow fluorescent protein-tagged hTRIMSa (YFP-rhTRIMS5«)
have been described previously (6). 293T cells stably expressing HA-rhTRIM5a
were a gift from C. Aiken (33). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
(HyClone), 100 U/ml penicillin, 100 pg/ml streptomycin, and 10 wg/ml cipro-
floxacin. Cells were maintained in the presence of 5% CO, at 37°C. HeLa cells
were transfected with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol.

c¢DNA constructs. Green fluorescent protein-tagged p62 (GFP-p62) was a
generous gift from Marie Wooten (Auburn University, Auburn, AL). GFP was
replaced with YFP and mCherry in this construct, utilizing the flanking Agel
and BsrGI sites. hTRIMSa and huTRIM5a plasmids have been described
previously (6).

Immunofluorescence microscopy. Cells were allowed to adhere to fibronectin-
treated glass coverslips and fixed with 3.7% formaldehyde (Polysciences) in 0.1
M PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)], pH 6.8. We used the
following primary antibodies: mouse anti-p62 antibody (BD Life Sciences), rab-
bit anti-p62 antibody (Santa Cruz Biotechnology), and rabbit and mouse anti-HA
antibodies (Sigma). Primary antibodies were secondarily labeled with fluoro-
phore-conjugated donkey anti-mouse or anti-rabbit antibody (Jackson Immu-
noResearch). Images were collected with a DeltaVision microscope (Applied
Precision) equipped with a digital camera (CoolSNAP HQ; Photometrics), using
a 1.4-numerical aperture (NA) 100X objective lens, and were deconvolved with
SoftWoRx deconvolution software (Applied Precision).

Transfections. Plasmid transfections were performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol. For FRET ex-

J. VIROL.

periments, pcDNA 3.1, cyan fluorescent protein-tagged thTRIMSa (CFP-
rhTRIM5a), and YFP-p62 were transfected in a 1:1:1 ratio, and FRET analysis
was performed within 18 h of transfection. Control and p62-specific siRNAs
(Santa Cruz Biotechnology) were transfected using Lipofectamine 2000 twice
within a 24-h period.

Immunoprecipitation assay. ZsGreenl (Clontech), p62 isoform 1 (GenBank
accession no. NM_003900), and p62 isoform 2 (GenBank accession no. NM_
001142298) cDNAs were cloned into pcDNA3.1 (Xbal-Notl) containing a 3Xx
FLAG motif in order to create N-terminal epitope-tagged proteins. Human
TRIMSa (GenBank accession no. AY625000) cDNA was cloned into pcDNA3.1
(Xbal-XhoI) containing a flexible SGGGG linker and a Myc-6X His tag in order
to generate a C-terminal Myc-His-tagged fusion protein. Subconfluent 293T cells
were transfected with 16 pg total plasmid DNA by use of TransIT-LT1 (Mirus)
according to the manufacturer’s instructions. Thirty-six hours after transfection,
cells were lysed in lysis buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, and
1% CHAPSO (Pierce), with a cocktail of protease (Roche) and phosphatase
(Sigma) inhibitors. Cells were lysed on ice for 20 min, and lysates were clarified
by centrifugation at 14,000 X g for 15 min at 4°C. Two micrograms of mouse
anti-FLAG (clone M2; Sigma) was conjugated to 50 wl Dynabeads protein G
magnetic beads (Invitrogen) and added to 1 ml of clarified lysate. After 2 h of
incubation at 4°C, the beads were washed five times with lysis buffer. The beads
were resuspended in 100 pl of 1X Laemmli sample buffer and incubated at 100°C
for 5 min. After sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), proteins were transferred overnight onto a polyvinylidene diflu-
oride (PVDF) membrane (Bio-Rad), which was probed with polyclonal rabbit
anti-c-Myc and rabbit anti-FLAG antibodies (Sigma).

Fluorescence resonance energy transfer. FRET was quantified by acceptor
photobleaching, performed as previously described (22). Briefly, images were
obtained by automated fluorescence microscopy using motorized filter wheels
and a cooled charge-coupled-device (CCD) camera. Progressive acceptor pho-
tobleaching was performed as follows: 60 images were obtained at 10-s intervals
for both the donor (CFP: excitation, 427/10 nm; emission, 473/30 nm; 100-ms
exposure) and the acceptor (YFP: excitation, 504/12 nm; emission, 542/27 nm;
40-ms exposure), with a period of acceptor photobleaching (excitation, 504/12
nm) between each acquisition. The CFP/YFP fluorescence intensity of each cell
in the field was quantified using Metamorph (Molecular Devices Corp., Down-
ingtown, PA), and FRET efficiency (E) was calculated from the CFP initial
(Fprevleacn) and final (Fogicacn) fluorescence values, according to the equation
E =1 = (Fprevteacn/Fposivteach)-

Fluorescence imaging was performed with an inverted microscope equipped
with a 1.49-numerical aperture objective lens and a back-thinned CCD camera
(iXon 887; Andor Technology, Belfast, Northern Ireland). The detector was
cooled to —100°C, using a recirculating liquid coolant system (Koolance, Inc.,
Auburn, WA). Image acquisition and acceptor photobleaching were automated
with custom software macros in Metamorph that controlled motorized excita-
tion/emission filter wheels (Sutter Instrument Co., Novato, CA) with filters for
CFP/YFP/mCherry (Semrock, Rochester NY). The progressive photobleaching
protocol was as follows: 100-ms acquisition of the CFP image and 40-ms acqui-
sition of the YFP image, followed by a 10-s exposure to YFP-selective photo-
bleaching (504/12-nm excitation).

Virus production and infections. To produce virus, a 10-cm plate of 293T cells
was transfected with 12 pg of R7AEnvGFP and 8 g of vesicular stomatitis virus
glycoprotein (VSV-g) to make HIV-1 reporter virus. Cells were transfected with
7 ng pCigB or pCigN packaging plasmid, 7 wg GFP or YFP reporter vector, and
7 ng VSV-g to generate murine leukemia virus (MLV) reporter virus. Transfec-
tions were performed using polyethylenimine (PEI) (molecular weight, 25,000;
Polysciences) as previously described (8), utilizing a PEI-DNA ratio of 2:1 for
each transfection. To assess virus infectivity, equivalent numbers of cells in a
24-well plate were infected for 14 h; then, virus was removed, normal medium
was added, and GFP expression was determined 48 to 72 h after infection by
using a fluorescence-activated cell sorter (FACS) Canto II flow cytometer (Bec-
ton Dickinson). MLV was titrated on CRFK cells to normalize virus input, as
previously described (1).

Quantitative PCR. Quantitation of viral RT products was performed as pre-
viously described (1, 7). Briefly, cells were plated in equivalent numbers in a
12-well plate and infected for 18 h overnight. Following incubation with RNase
A, genomic DNA was harvested using a DNeasy tissue kit (Qiagen) according to
the manufacturer’s instruction. Genomic DNA was digested with Dpnl to re-
move residual plasmid DNA. Proviral DNA was quantified using primers specific
for HIV-1 late RT products (7) or the GFP cassette present in MLV vectors (1)
with SYBR green PCR reagent (Applied Biosystems) on an Eppendorf Real-
plex? ep gradient Mastercycler and normalized to the number of genomic B-actin
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FIG. 1. p62localizes to rhTRIMSa cytoplasmic bodies. HeLa cells stably expressing YFP-tagged rhTRIMS5a (6) were fixed and immunostained
with mouse anti-p62 (ap62) monoclonal antibody (MADb). Z-stack images were collected and deconvolved using DeltaVision deconvolution
software. Images shown are from one individual Z section. Individual channel images shown in the left and center panels have been superimposed
in the merged panels on the right. The lower three panels represent enlarged magnifications of the areas in the white boxes in the upper panels.
The data shown here are representative of three independent experiments.

copies present in an identical sample to calculate the amount of proviral DNA
per B-actin copy.

Western blot analysis. Whole-cell lysates were prepared by treating 1 X 10°
cells with lysis buffer (100 mM Tris, pH 8.0, 1% NP-40, 150 mM NaCl) containing
protease inhibitor cocktail (Roche) for 15 min on ice. The protein concentration
was determined using a Coomassie Plus Bradford assay (Thermo Scientific).
After lysis of cells, 2X SDS sample buffer was added and samples were boiled for
5 min. Equal amounts of protein were loaded into a 10% polyacrylamide gel for
SDS-PAGE. After separation of proteins via SDS-PAGE, proteins were trans-
ferred to PVDF membranes and detected by incubation with the following
antibodies: anti-p62 (BD Life Sciences), anti-HA (clone 3F10) conjugated to
horseradish peroxidase (HRP) (Roche), and anti-GFP (Invitrogen). Secondary
antibodies conjugated to HRP (Thermo Scientific) were used where necessary,
and antibody complexes were detected using SuperSignal West Femto chemilu-
minescent substrate (Thermo Scientific). Chemiluminescence was detected using
a UVP EC3 imaging system (UVP LLC).

Image analysis. Deconvolved images were analyzed for p62 mean fluorescence
intensity (MFI) in cytoplasmic bodies by use of the Surface Finder function of
the Imaris software package (Bitplane). Surfaces for cytoplasmic bodies in all
samples analyzed were defined by using a fluorescence threshold (600 relative
fluorescence units) for YFP-TRIMSa, and all YFP-rhTRIMSa bodies over a
volume of 0.011 wm?® were used in the analysis. For each YFP-rhTRIMSa
cytoplasmic body, the p62 MFI was determined and the data were plotted in
Prism (Graphpad Software Inc.) for statistical analysis. An unpaired ¢ test with
Welch’s correction was used to determine the statistical significance between
samples (P = 0.05). To determine the number of cytoplasmic bodies per cell,
cytoplasmic-body surfaces were selected as mentioned above. The number of
cytoplasmic bodies was determined for each treatment studied and plotted in
Prism for statistical analysis.

RESULTS

p62 localizes in rh'TRIMS5a cytoplasmic bodies. p62/seques-
tosome-1 (p62) is an adapter protein that has been reported to
bind ubiquitinated proteins and facilitate their proteasomal
degradation (17, 36). Using an antibody to endogenously ex-
pressed p62, we investigated whether p62 localized to cytoplas-
mic bodies in Hela cells stably expressing epitope-tagged
rhTRIMS5a proteins (6, 40).

As shown in Fig. 1, p62 localized prominently to YFP-tagged
rhTRIMS5a cytoplasmic bodies. Similarly, p62 also localized to
the cytoplasmic bodies present in a HA-rhTRIMSa HeLa cell
line (see Fig. S1A in the supplemental material). p62 also
localized to punctate accumulations in HeLa cells not express-
ing exogenous TRIMSa protein (see Fig. S1C in the supple-
mental material).

We also transduced the monocytic leukemia cell line THP-1
with YFP-rhTRIMSa and activated these cells with phorbol
myristate acetate (PMA) to differentiate them into a macro-
phage-like cell line. YFP-rhTRIMS5a also colocalized with p62
in activated THP-1 cells (see Fig. S1B in the supplemental
material). These results demonstrate that p62 colocalization
was not limited to HeLa-derived cell lines.

We utilized immunofluorescence to observe the localization
of p62 in a HeLa cell line stably expressing a HA-tagged version
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FIG. 2. huTRIM5a coimmunoprecipitates with p62. huTRIMSa-
Myc was transfected along with the indicated FLAG-tagged constructs
in 293T cells. Detergent extracts were incubated with mouse anti-
FLAG antibody conjugated to protein G magnetic beads. Immuno-
complexes were isolated and analyzed by SDS-PAGE/Western blotting
(WB). The top panel represents coimmunoprecipitated TRIMSa-Myc
probed with rabbit anti-c-Myc antibody, the middle panel represents
the TRIMSa-Myc input (total lysate) probed with rabbit anti-c-Myc
antibody, and the bottom panel represents immunoprecipitated (IP)
FLAG-tagged proteins probed with rabbit anti-FLAG antibody. The
data shown here are representative of three independent experiments.
Iso, isoform.

of human TRIMSa (HA-huTRIMSa). As we have reported pre-
viously (6), when GFP-tagged versions of huTRIMS« were uti-
lized, HA-huTRIMS5a localized to both filamentous and spher-
ical cytoplasmic accumulations in HeLa cells (see Fig. S2 in the
supplemental material). When these cells were stained for p62
expression, p62 localized to both spherical (see Fig. S2A) and
filamentous (see Fig. S2B) accumulations of huTRIMSa pro-
tein. Noticeably, p62 was observed to localize to the tips of the
filamentous accumulations of huTRIMS5a.

Direct interaction of p62 and TRIM5« in HeLa cells. To
determine whether p62 and rhTRIMSa physically interact, we
transiently transfected 293T cells with huTRIMS5a containing a
C-terminal Myc epitope tag (huTRIMS5a-Myc) and a FLAG-
tagged p62 or control ZsGreenl vector. Cell lysates were
then immunoprecipitated using an anti-FLAG antibody to
immunoprecipitate FLAG-tagged p62 proteins and analyzed
by Western blotting for the presence of huTRIMS5a-Myc in
these complexes. As shown in Fig. 2 (top), TRIM5a coimmu-
noprecipitated with p62 isoform 1, whereas TRIM5« failed to
coimmunoprecipitate with ZsGreenl or p62 isoform 2, which
lacks the first 84 amino acids of the N-terminal region of
isoform 1. Therefore, the PB1 domain of p62 isoform 1 (amino
acids 3 to 102 [SMART; http://smart.embl-heidelberg.de/]),
which is involved in p62 oligomerization and protein-protein
interactions (26), appears to be required for binding TRIM5c.

We also utilized FRET to examine the interaction occurring
between rhTRIMS«a and p62 in the smaller cytoplasmic bodies
in which both of these proteins localize. FRET is the nonra-
diative energy transfer from an excited fluorescent donor to an
acceptor fluorophore in very close proximity. The 5-nm Forster
transfer distance (R,) for the CFP-YFP pair (32) is on the
molecular scale; thus, CFP-YFP FRET suggests that the target
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proteins are bound to one another or to the same macromo-
lecular complex. FRET is commonly measured by acceptor
photobleaching, wherein FRET is quantified as an increase in
the fluorescence of the donor fluorophore following the pho-
tobleaching of the acceptor fluorophore (23). We therefore
measured FRET to examine the interaction occurring between
rhTRIMSa and p62 in 11 independent cytoplasmic bodies in
which both of these proteins could be observed to localize.
We utilized CFP-rhTRIMSa and YFP-p62 in acceptor photo-
bleaching FRET experiments. In these experiments, YFP-p62
(acceptor) was iteratively photobleached, and the fluores-
cence intensities of CFP-rhTRIMSa (donor) and YFP-p62
were measured in regions of the cell in which both CFP-
rhTRIM5a and YFP-p62 could be observed to localize to an
individual, immobile cytoplasmic body (one of the 11 cytoplasmic
bodies is represented in Fig. 3A; also see Movie S1 in the sup-
plemental material). We observed an exponential decrease in
YFP-p62 fluorescence, with a concomitant increase in CFP-
rhTRIMS5a fluorescence, in all 11 cytoplasmic bodies analyzed
(Fig. 3B). We also examined the stoichiometry of this complex by
studying the relationship between CFP and YFP fluorescence in
our experiments. Notably, the increase in CFP-thTRIMSa fluo-
rescence lagged significantly behind the decrease in YFP-p62
fluorescence (Fig. 3C), and consequently the relationship be-
tween CFP-thTRIMSa and YFP-p62 was highly nonlinear (Fig.
3D). Such a deviation from linearity is observed for multimeric
complexes containing multiple FRET acceptors (5, 22). The de-
gree of curvature is related to the number of probes in the com-
plex and the probe separation distance (25). When the average
ratios of the measured fluorescence relative to the original fluo-
rescence (F/F,) for CFP-thTRIMSa and YFP-p62 (Fig. 3C) were
replotted to examine the donor fluorescence versus the acceptor
fluorescence, this plot deviated from linearity (Fig. 3D). Such a
deviation is expected if the ratio of acceptor subunits (YFP-p62)
to donor subunits (CFP-thTRIMS«) is >2. This suggests that
more than one p62 protein is associated with each thTRIMS«a
protein in these cytoplasmic-body complexes. Collectively, these
data suggest that TRIMS5a and p62 are closely associated in the
cytoplasmic bodies in which they both localize.

p62 knockdown reduces rhTRIMSa cytoplasmic-body local-
ization and protein expression. To ensure that the protein iden-
tified as localizing to TRIM5a cytoplasmic bodies was indeed
endogenously expressed p62, we performed siRNA knockdown
of p62 in HeLa cells stably expressing YFP-rhTRIMSa. Follow-
ing 2 transfections with control or p62-specific siRNA, the
immunoreactive protein identified by p62 antibodies was re-
duced in cells treated with p62-specific sSiRNA but not in cells
treated with control siRNA (see Fig. S3 in the supplemental
material). We utilized quantitative image analysis methods
to measure the amount of p62 fluorescence associated with YFP-
rhTRIMSa cytoplasmic bodies. Three-dimensional surfaces de-
fining YFP-rhTRIMSa cytoplasmic bodies were identified in
an automated fashion, using fixed fluorescence intensity and
size criteria. The p62 fluorescence associated with these sur-
faces was then quantified (Fig. 4A). In untreated cells or cells
treated with control siRNA, the vast majority of cytoplasmic
bodies exhibited p62 fluorescence greater than that observed in
cells stained with secondary antibody only. Eighty-nine percent
of the bodies in untreated cells and 86% of the bodies trans-
fected with control siRNA exhibited p62-associated fluores-
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FIG. 3. FRET signal is induced by the interaction between rhTRIMSa and p62. HelLa cells were transiently transfected with equivalent
amounts of YFP-p62 and CFP-rhTRIM5a. (A) Individual cytoplasmic bodies containing both CFP-rhTRIMS« and YFP-p62 were examined. The
levels of CFP and YFP fluorescence associated with an individual cytoplasmic body (circled) were monitored every 10 s as a YFP photobleaching
protocol was performed. (B) The relative fluorescence levels, plotted as the ratio of the measured fluorescence relative to the original fluorescence
(F/F,) of individual cytoplasmic bodies, examined in 11 separate experiments, are shown for CFP-rhTRIMSa and YFP-p62. The black line
represents the data from the cytoplasmic body circled in panel A. (C) Progressive acceptor photobleaching resulted in an exponential decrease in
YFP-p62 (squares) and an exponential increase in CFP-rhTRIMS5a (circles). (D) The relationship between CFP-rhTRIM5a and YFP-p62 was

highly nonlinear.

cent signals greater than background, which was defined as the
maximum mean fluorescence measured in the 765 cytoplasmic
bodies analyzed in cells treated with only secondary antibody.
In contrast, 0.6% of the cytoplasmic bodies analyzed in cells
transfected with p62-specific siRNA contained p62 staining
that was greater than background. Moreover, the amount of
p62 protein present in these bodies, measured as the mean

fluorescence intensity of the bodies present in cells trans-
fected with p62-specific siRNA, was significantly reduced
(P < 0.0001). We can therefore conclude that the protein
identified by our p62-specific antibodies is indeed endog-
enously expressed p62.

In these experiments, we also observed that cells that had
been transfected with p62-specific siRNA appeared to have
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Immunofluorescence images were deconvolved, and cytoplasmic-body three-dimensional surfaces were analyzed using the Imaris image analysis
software package. The p62 mean fluorescence intensity was measured for each cytoplasmic body and plotted using Prism statistical analysis
software. The bar represents the mean for each sample (n = 765). (B) The number of cytoplasmic bodies per cell for each condition was
determined from the surface analysis. Error bars represent standard errors of the means (n = 15 samples). (C) HeLa and 293T cells stably
expressing YFP-rhTRIMSa or HA-rhTRIMSa were transfected with control or p62-specific siRNA, and TRIMSa expression was detected by
Western blotting 24 to 48 h posttransfection. (D) HeLa cells expressing HA-rhTRIMSa were transfected with control or p62-specific siRNA, and
HA-rhTRIMS5a expression was measured at 1-h intervals after cycloheximide treatment. The Western blot (inset) was analyzed using ImagelJ
software for the relative protein band intensity at each time point. Data were normalized to the protein band intensity at the first time point and
are presented as percentages of the initial relative TRIMSa protein band intensity versus time. The data shown here are representative of three

independent experiments.

fewer YFP-rhTRIMS5a cytoplasmic bodies compared to cells
transfected with control siRNA. This phenomenon was also
visible using automated image analysis. The numbers of cyto-
plasmic bodies identified per cell were similar for untreated
cells, control siRNA-transfected cells, and cells that had not
been stained with p62 antibody (Fig. 4B). However, the aver-
age number of cytoplasmic bodies per cell was significantly

reduced in cells transfected with p62-specific siRNA (P =
0.0013).

These results suggest that p62 may play a role in regulating
rhTRIMS5a-mediated restriction in these cells by affecting
TRIMSa protein localization and/or expression. To better un-
derstand these results, we examined rhTRIMS5a expression
levels in cells following transfection with p62-specific or control
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siRNA. As can be observed in Fig. 4C, p62 knockout reduced
the level of thTRIMSa in HeLa cells stably expressing HA- or
YFP-tagged versions of rhTRIMSa. We also see reduced ex-
pression of HA-thTRIMSa in 293T cells (33), demonstrating
that the p62-dependent loss of ThTRIMSa expression is not
cell type specific. Therefore, these data collectively suggest that
p62 acts to stabilize thTRIMSa expression in cells stably ex-
pressing epitope-tagged TRIMSa proteins.

The decreased expression of thTRIMS5« in the absence of
p62 suggested that the turnover rate of thTRIMSa was en-
hanced. To test this hypothesis, cells transfected with p62 or
control siRNA were treated with cycloheximide to stop protein
synthesis, and thTRIMSa expression was measured over 2 to
3 h at 1-h intervals. We measured the relative intensities of the
rhTRIM5a bands on the Western blot (Fig. 4D, inset) and
normalized the data as percentages of initial protein present.
As shown in Fig. 4D, we see enhanced turnover of rhTRIM5«
in cells lacking p62. When p62 is present, the half-life for
rhTRIMS5a is around 2.5 to 3 h, whereas without p62, the
half-life of rhTRIMSa is 1 to 1.5 h. This enhanced turnover
rate suggests that p62 association with thTRIMS5a« either sta-
bilizes or protects thTRIMSa from cellular degradative path-
ways.

p62 knockdown partially relieves rh'TRIMSa restriction
of HIV-1. To examine the role of p62 in thTRIMS5«-mediated
restriction of HIV-1, HeLa cells stably expressing HA-thTRIMS«a
(40) were transfected with siRNA directed against p62 mRNA
or a control scrambled siRNA. As assessed by Western blot-
ting, p62 siRNA but not control siRNA significantly reduced
the expression of p62 in these cells (Fig. 5A.)

We then utilized cells transfected with p62-specific or con-
trol siRNA to determine the susceptibilities of these cells to
HIV-1 infection. Cells were infected with HIV-1 GFP (HIV-
GFP) reporter virus. p62 knockdown was able to moderately
relieve the thTRIMSa-mediated block of HIV-1 reverse tran-
scription in these cells (Fig. 5B). We also could observe this
relief of thTRIMSa-mediated restriction at the level of infec-
tion by measuring GFP expression. When infection was quan-
tified by flow cytometry, an increase in infection was observed
in cells transfected with p62-specific siRNA relative to the level
for control siRNA-transfected cells (Fig. 5C).

p62 knockdown reduces retroviral restriction mediated by
endogenously expressed huTRIMS«. We also examined whether
p62 knockdown affected the restriction activity of endogenously
expressed huTRIMS«a in HeLa cells. huTRIMSa has been
shown to restrict N-tropic murine leukemia virus (N-MLV) but
not B-tropic MLV (B-MLV) (18, 21, 30). We therefore trans-
fected HeLa cells with control siRNA or p62 siRNA and in-
fected these cells with N-MLV and B-MLV vectors expressing
GFP following infection (1). Similarly to the results obtained in
the experiments using rhTRIMSa-expressing HeLa cells, p62
knockdown reduced but did not eliminate the restriction of
N-MLYV reverse transcription in these cells (Fig. 6A). The
amount of B-MLV reverse transcription was relatively unaf-
fected (Fig. 6A), demonstrating that p62 knockout specifically
modulates the TRIMSa-mediated activity in these cells. The
effect of p62 knockdown on huTRIMS5a restriction of N-MLV
could also be observed by measuring the level of GFP expres-
sion in these cells 48 h following transduction. p62 knockdown
increased the transduction of these cells by N-MLV, while
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FIG. 5. p62 knockdown results in reduced rhTRIMSa-mediated
restriction. (A) Cells expressing YFP-rhTRIMS« were transfected with
control or p62-specific siRNA. Cells were harvested at numerous times
following the second siRNA transfection, and p62 expression was an-
alyzed by Western blotting. siRNA-transfected cells were plated in
equivalent numbers and infected with VSV-g pseudotyped HIV-1 re-
porter virus overnight. (B) Eighteen hours following infection, HeLa
and YFP-rhTRIMS5a-expressing HeLa cells were harvested and viral
DNA products were analyzed by quantitative PCR. Values were nor-
malized to the amounts of B-actin DNA in identical samples. Error
bars represent the standard deviations from triplicate samples. Values
given above the columns represent the fold enhancement relative to
the level for the untreated sample of that cell type. (C) Thirty-six to
48 h following infection with the HIV-1 GFP reporter virus, untreated
(squares), control siRNA-transfected (circles), and p62 siRNA-trans-
fected (triangles) cells were harvested and analyzed for GFP expres-
sion by flow cytometry. Ten thousand events/sample were analyzed.
The percentage of GFP-positive cells is indicated for each sample. The
dilution factor of virus used is given on the x axis. The data shown here
are representative of three independent experiments.
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FIG. 6. p62 knockdown results in reduced huTRIMS5a-mediated
restriction in HeLa cells. (A) HeLa cells were transfected with control
or p62-specific siRNA, and the extent of knockdown was analyzed by
Western blotting. (B) siRNA-transfected cells were plated in equiva-
lent numbers and infected with B-tropic or N-tropic MLV overnight.
Eighteen hours following infection, cells were harvested and viral
DNA products were analyzed by quantitative PCR. Values were nor-
malized to the amounts of B-actin DNA in identical samples. Error
bars represent the standard deviations from triplicate samples. Values
given above the columns represent the fold enhancement relative to
the level for the untreated sample of that cell type. (C) Thirty-six to
48 h following infection, untreated (squares), control siRNA-trans-
fected (circles), and p62 siRNA-transfected (triangles) cells were har-
vested and analyzed for GFP expression by flow cytometry. Ten thou-
sand events/sample were analyzed. The percentage of GFP-positive
cells is indicated for each sample. The dilution factor of virus used is
given on the x axis. The data shown here are representative of three
independent experiments.
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having little effect on B-MLV transduction (Fig. 6B). We con-
sistently observed a slight increase in B-MLV infectivity and
reverse transcription activity in cells lacking p62 compared to
the levels for our control wild-type cells. It has also been
observed that knockdown of huTRIMSa has a similar effect on
B-MLYV infectivity (J. Luban, unpublished results). These ob-
servations lend more credence to the idea that knockdown of
p62 affects endogenous TRIMSa expression in these cells. It
has been difficult to examine the cell biology of endogenously
expressed TRIMSa proteins, because antibodies that reliably
detect endogenous TRIMSa have been difficult to generate.
These results indirectly suggest that the loss of p62 also
reduces the amount of endogenously expressed huTRIMSa
protein. The loss of p62 leads to lower expression of TRIMS«a
and subsequent relief of restriction.

DISCUSSION

In this study, we have identified an interaction between the
restriction factor TRIMSa and p62/sequestosome-1. We can
visualize endogenously expressed p62 localizing to TRIMSa
cytoplasmic bodies by indirect immunofluorescence in cell lines
stably expressing epitope-tagged versions of TRIMS« (Fig. 1; also
see Fig. S1 in the supplemental material). These two proteins
appear to interact directly in these cells, as indicated by FRET
analysis (Fig. 3). The consequence of this interaction appears
to be a stabilization of TRIM5a protein expression (Fig. 4), as
p62 knockdown resulted in a reduction of TRIMSa protein in
stable cell lines (Fig. 5). We also demonstrate that p62 knock-
down results in reduced restriction mediated by endogenously
expressed huTRIMSa (Fig. 6).

We have recently demonstrated that proteasome inhibition
prevents the TRIMSa-mediated inhibition of viral reverse
transcription in target cells but does not affect the ability of
TRIMS5a to inhibit viral infection (1, 46). We have also found
that proteasome inhibition leads to the accumulation of HIV-1
virions in enlarged, rhTRIMSa cytoplasmic bodies that also
contain ubiquitin (8). p62 has previously been described as a
scaffolding protein that binds ubiquitinated proteins and facil-
itates their proteasomal degradation by interacting with pro-
teasomal subunits (17, 29, 36, 44). We therefore hypothesized
that p62 may play some role in facilitating the proteasomal
degradation of thTRIMSa or other proteins present in cyto-
plasmic bodies during restriction. Such a scenario predicts that
p62 knockout should affect restriction in a manner similar to
that of proteasome inhibitors, allowing reverse transcription
to proceed but not alleviating the TRIMSa-mediated block
to infection. While we speculated that p62 knockdown would
relieve the TRIMSa-mediated block to reverse transcription
but not relieve the ability of TRIMSa to restrict infection, we
did not observe this effect. Instead, we observed that p62
knockdown partially relieved TRIMSa-mediated restriction at
the level of reverse transcription and infection (Fig. 5 and 6).
Western blot analysis of our cell lines indicates that TRIMS«
protein levels are reduced following p62 knockdown (Fig. 4),
thus explaining why we observed a reduced level of restriction
in these cells.

The ability of p62 to stabilize TRIMSa protein expression is
likely relevant to maintaining the antiviral state induced in cells
following IFN treatment. The TRIMSa half-life has previously
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been estimated to be approximately 60 to 90 min by testing
cells treated with cycloheximide (12, 13) or using radioactive
pulse-chase analysis (46). TRIMS5a transcription is increased in
response to IFN treatment (3, 10, 34). Similarly, p62 is upregu-
lated following IFN-y treatment in macrophages (24). p62 may
therefore extend the duration of TRIMSa upregulation follow-
ing IFN signaling. In this regard, p62 has been shown to bind
TRAFG6, which is also a RING finger E3 ubiquitin ligase, and
thereby stabilizes its expression and enhances its ubiquitination
activity (11, 24, 45).

p62 modulates diverse signaling cascades associated with
the innate immune system. The association between p62 and
TRAF6 enhances TRAF6 ubiquitination of IkB, resulting in
stimulation of NF-«kB activity (2, 24, 45). p62 also modulates
the activity of p38 MAPK following cytokine stimulation (20,
41). Finally, p62 interacts with Ro52/TRIM21, a TRIM family
protein, in a manner that leads to ubiquitination and deg-
radation of interferon regulatory factor 8 (IRF8) (24). It is
reasonable to hypothesize that the association between p62
and TRIMSa is relevant to the modulation of other, yet to
be reported signaling pathways. In addition to TRIM21, other
TRIM family proteins, notably TRIM30a and TRIM25 (15), are
known to modulate cellular signaling pathways activated in
response to pathogenic determinants. TRIM30a has been
shown to negatively regulate NF-«kB activation induced follow-
ing Toll-like receptor signaling (38). TRIM25 is required for
the activity of RIG-I, a cytosolic sensor of viral RNA that
stimulates the type I IFN response (15). It is feasible that
TRIMSa may participate in a signaling pathway and that the
interaction between p62 and TRIMSa may facilitate the reg-
ulation of that pathway.

This work identifies a mechanism by which the expression of
TRIMSa may be fine-tuned in the context of an innate immune
response. As p62 has recently been identified as associating
with and affecting the activity of TRIM21, p62 may posttrans-
lationally regulate the effects on other TRIM family members
as well. Future studies might reveal that other TRIM proteins
relevant to the innate immune response are similarly affected
by p62. Understanding the way in which p62 regulates TRIM
proteins and the consequence of this regulation will increase
our understanding of the role TRIM family proteins play in the
innate immune response.
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